The problem of an accurate Eulerian-Lagrangian modeling of inertial particle dispersion in Large Eddy Simulation (LES) of turbulent wall-bounded flows is addressed. We run Direct Numerical Simulation (DNS) for turbulent channel flow at Re τ = 150 and 300 and corresponding a priori and a posteriori LES on differently coarse grids. We then tracked swarms of different inertia particles and we examined the influence of filtering and of Sub-Grid Scale (SGS) modeling for the fluid phase on particle velocity and concentration statistics. We also focused on how particle preferential segregation is predicted by LES. Results show that even "well-resolved" LES is unable to reproduce the physics as demonstrated by DNS, both for particle accumulation at the wall and for particle preferential segregation. Inaccurate prediction is observed for the entire range of particles considered in this study, even when the particle response time is much larger than the flow timescales not resolved in LES. Both a priori and a posteriori tests indicate that recovering the level of fluid and particle velocity fluctuations is not enough to have accurate prediction of near-wall accumulation and local segregation. This may suggest that reintroducing the correct amount of higher-order moments of the velocity fluctuations is also a key point for SGS closure models for the particle * * Author to whom correspondence should be addressed. Also affiliated with Department of Fluid Mechanics, CISM, 33100 Udine, Italy. Electronic Mail: soldati@uniud.it. 1 equation. Another important issue is the presence of possible flow Reynolds number effects on particle dispersion. Our results show that, in small Reynolds number turbulence and in the case of heavy particles, the shear fluid velocity is a suitable scaling parameter to quantify these effects.
INTRODUCTION
The dispersion of inertial particles in turbulent flows is characterized by macroscopic phenomena such as non-homogeneous distribution, large-scale clustering and preferential concentration due to the inertial bias between the denser particles and the lighter surrounding fluid. 1, 2 In homogeneous isotropic turbulence, 1, 3, 4 clustering and preferential concentration may be crucial in determining collision frequency, breakage efficiency, agglomeration and reaction rates. Focusing on turbulent boundary layer, we observe that, besides controlling particle interaction rates, these phenomena strongly influence settling, deposition and entrainment.
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Both Direct Numerical Simulation (DNS) 2, 6 and Large-Eddy Simulation (LES) [7] [8] [9] together with Lagrangian Particle Tracking (LPT) have been widely used to investigate and quantify these macroscopic phenomena, for instance in channel 2, 8, 9 or in pipe flows. 6,7 DNSbased Eulerian-Lagrangian studies are widely used for investigating the physics of particleturbulence interactions, whereas LES has yet to demonstrate its full capabilities in predicting correctly particle-turbulence statistics 10 and macroscopic segregation phenomena. 4, 9 In previous studies on particle dispersion in turbulent bounded flows, 10,9 LES methods were found inadequate to predict local segregation phenomena which eventually control macroscopic fluxes. This inadequacy was attributed to the filtering of the flow Sub-Grid Scales (SGS).
To elaborate, in LES-based Eulerian-Lagrangian simulations of particle dispersion a sub-grid error is introduced in the particle equation since only the filtered fluid velocity is available;
this approximation adds to the modeling error which is intrinsic to the SGS modeling.
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Similar to what is done for the flow field, a way to model the effects of the filtered SGS velocity fluctuations on particle motion should be identified.
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Among previous LES applications to gas-solid turbulent flows, 7,11 the SGS velocity fluctuations were neglected based on the assumption that the particle response time was large compared to the smallest timescale resolved in the LES. 11 It was later demonstrated that this assumption leads to a certain degree of inaccuracy on the prediction of particle velocity statistics and concentration. In particular, the results obtained by Kuerten and Vreman 10 and by Kuerten 9 for turbulent dispersion of heavy particles in channel flow have shown that, due to both sub-grid and modeling errors, LES underestimates the tendency of particles to move towards the wall by the effect of the turbulence (turbophoretic effect 12 ). To circumvent this problem, a closure model for the particle equation of motion based on filter inversion by approximate deconvolution was proposed to recover the influence of the filtered scales in turbulent channel flow 9 and in homogeneous turbulent shear flow.
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An effort was also provided to establish criteria according to which the SGS modeling for particles could be judged necessary or not. In particular, Février et al. 14 have shown that LES filtering has an effect on particle motion which depends on the ratio of the particle size to the filtered spatial scales. Fede and Simonin 4 have studied the influence of subgrid fluid velocity fluctuations on particle dispersion, preferential concentration, and interparticle collisions in homogeneous isotropic turbulence. For single particle statistics such as turbulent dispersion, Fede and Simonin 4 confirm that an explicit accounting of sub-grid fluid turbulence on particle transport is not required when the particle response time is much larger than the cut-off timescale of the sub-grid velocities. However, they show also that accumulation and collision phenomena are strongly influenced by sub-grid fluid turbulence even when the particle response time is up to O(10) times the Kolmogorov time scale.
Aim of the present study is precisely to build on the work of Kuerten and Vreman 10 extending the analysis of Fede and Simonin 4 on the sub-grid turbulence effects on particle accumulation (neglecting inter-particle collisions) to turbulent channel flow, which presents the additional complexity of a solid wall and of turbulence strong anisotropy and nonhomogeneity. The analysis is grounded on a systematic investigation on the importance of SGS effects on particle motion for different particle inertia and under different flow conditions. The specific objectives of the present study can be summarized as follows: (i)
Create a database for particle-laden turbulent channel flow in which different values of the flow Reynolds number and of the particle response time are considered, showing in this paper particle velocity and concentration statistics reported from DNS/LES computed at shear Reynolds number up to 300 and grid resolution up to 256 3 grid points.
(ii) Use this database to investigate on the importance of the SGS velocity fluctuations in predicting the statistical properties of the dispersion process. We will focus on the effects due to changes in particle inertia (obtained by tuning of the particle size with respect to the filtered spatial scales) or in grid resolution as well as on possible flow Reynolds number scaling properties of particle preferential concentration. (iii) Provide subsidies for the development of new SGS closure models for the equations of particle motion.
The paper is organized as follows. Problem statement, governing equations and numerical methodology required for the simulations are presented in Sec. 2. Sec. 3 is devoted to the analysis and discussion of relevant statistics obtained from simulations where particle trajectiores are computed from DNS, filtered DNS in a priori tests and LES in a posteriori tests. In this case the discussion will be focused on the quantification of sub-grid and modeling errors on particle velocity and concentration statistics as well as on particle preferential distribution, thus extending the analysis of Kuerten and Vreman. 10 Finally, conclusions and future developments are drawn in Sec. 4.
PHYSICAL PROBLEM AND NUMERICAL METHODOLOGY

Particle-laden turbulent channel flow
The flow into which particles are introduced is a turbulent channel flow of gas. In the present study, we consider air (assumed to be incompressible and Newtonian) with density ρ = 1.3 kg m −3 and kinematic viscosity ν = 15.7×10 −6 m 2 s −1 . The governing balance equations for the fluid (in dimensionless form) read as:
where u i is the i th component of the dimensionless velocity vector, p is the fluctuating kinematic pressure, δ 1,i is the mean dimensionless pressure gradient that drives the flow and Re τ = u τ h/ν is the shear Reynolds number based on the shear (or friction) velocity, u τ , and on the half channel height, h. The shear velocity is defined as u τ = (τ w /ρ) 1/2 , where τ w is the mean shear stress at the wall. All variables considered in this study are reported in dimensionless form, represented by the superscript + (which has been dropped from Eqns. (1) and (2) for ease of reading) and expressed in wall units. Wall units are obtained combining u τ , ν and ρ.
In LES, the standard Continuity and Navier-Stokes equations are smoothed with a filter function of width ∆. Accordingly, all flow variables are decomposed into a resolved (largescale) part and a residual (sub-grid scale) part as u(x, t) =ū(x, t) + δu(x, t). The filtered Continuity and Navier-Stokes equations for the resolved scales are then:
where τ ij = u i u j −ū iūj represents the sub-grid scale stress tensor. The large-eddy dynamics is closed once a model for τ ij is provided. In the present study, the dynamic SGS model of Germano et al. 15 has been applied.
The reference geometry consists of two infinite flat parallel walls: the origin of the coordinate system is located at the center of the channel and the x−, y− and z− axes point in the streamwise, spanwise and wall-normal directions respectively (see Fig. 1 ). Periodic boundary conditions are imposed on the fluid velocity field in x and y, no-slip boundary conditions are imposed at the walls. The calculations were performed on a computational domain of size 4πh × 2πh × 2h in x, y and z respectively.
Particles with density ρ p = 1000 kg m −3 are injected into the flow at concentration low enough to consider dilute system conditions. The motion of particles is described by a set of ordinary differential equations for particle velocity and position. 
where x is particle position, v is particle velocity, and u is fluid velocity at particle position.
The Stokes drag coefficient is computed as C D = 
DNS and LES methodology
In this study both DNS and LES have been applied to the fully-developed channel flow. In both cases, the governing equations are discretized using a pseudo-spectral method based on transforming the field variables into wavenumber space, using Fourier representations for the periodic streamwise and spanwise directions and a Chebyshev representation for the wall- The complete set of DNS/LES simulations is summarized in Table I .
Filtering for a priori tests
In the a priori tests the Lagrangian tracking of particles is carried out starting from the filtered velocity field,ū, obtained through explicit filtering of the DNS velocity by means of either a cut-off or a top-hat filter. Both filters are applied in the homogeneous streamwise and spanwise directions in the wave number space:
where F T is the 2D Fourier Transform, κ c = π/∆ is the cutoff wave number (∆ being the filter width in the physical space),û i (κ 1 , κ 2 , z, t) is the Fourier transform of the fluid velocity
is the filter transfer function:
for the cut-off filter ,
for the top-hat filter .
Three different filter widths have been considered at Re l τ , corresponding to a grid Coarsening Factor (CF in Table I ) in each homogeneous direction of 2, 4 and 8 with respect to DNS. In the wall-normal direction data are not filtered, since often in LES the wall-normal resolution is DNS-like.
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2.4. Lagrangian particle tracking
To calculate particle trajectories in the flow field, we have coupled a Lagrangian tracking routine with the DNS/LES flow solver. The routine solves for Eqns. (6) and (5) using 6 th -order Lagrangian polynomials to interpolate fluid velocities at particle position; with this velocity the equations of particle motion are advanced in time using a 4 th -order RungeKutta scheme. The timestep size used for particle tracking was chosen to be equal to the timestep size used for the fluid, δt + = 0.045; the total tracking time was, for each particle set, t + = 1200 in the a priori tests and t + = 1800 in the a posteriori tests. These simulation times are not long enough to achieve a statistically steady state for the particle concentration.
21
Particles, which are assumed pointwise, rigid and spherical, are injected into the flow at concentration low enough to neglect particle collisions. The effect of particles onto the turbulent field is also neglected (one-way coupling assumption). At the beginning of the simulation, particles are distributed homogeneously over the computational domain and their initial velocity is set equal to that of the fluid at the particle initial position. Periodic boundary conditions are imposed on particles moving outside the computational domain in the homogeneous directions, perfectly-elastic collisions at the smooth walls were assumed when the particle center was at a distance lower than one particle radius from the wall.
For the simulations presented here, large samples of 10 5 particles, characterized by different response times, were considered for each value of Re τ . The response time is defined as
where µ is the fluid dynamic viscosity: when the particle response time is made dimensionless using wall variables, the Stokes number for each particle set is obtained
τ is the viscous timescale of the flow. Tables II and III show all the parameters of the particles injected into the flow field. We remark here that, for the present channel flow configuration at Re l τ , the non-dimensional value of the Kolmogorov timescale, τ + K , ranges from 2 wall units at the wall to 13 wall units at the channel centerline.
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Hence, if we rescale the particle response times given in Table II using 
where St h and St l represent the particle Stokes number in the Re In this Section, we will discuss the influence of filtering on particle distribution by showing the velocity statistics and the concentration profiles for particles dispersed in a priori LES flow fields, i.e. filtered DNS fields. We will also discuss filtering effects on local particle preferential segregation using macroscopic segregation parameters. As described in Sec. 2.3, the cut-off and the top-hat filters have been used; the first one provides a sharp separation between resolved and non-resolved scales and can be considered the filter corresponding to a coarse spectral simulation, in which no explicit filtering is applied. Conversely, the top-hat filter is a smooth filter and, thus, it subtracts a significant amount of energy from the resolved scales. 23 For each filter, three different filter widths have been considered. Fig.   2 sketches the effect of these filter widths on the one-dimensional (streamwise) frequency spectrum, E(ω), 24 computed for the Re τ = 150 flow. Since particle dynamics in the viscous sublayer is controlled by flow structures with timescale τ f around 25 and considering that this timescale corresponds to the circulation time of the turbulence structures in the buffer layer (5 < z + < 30), 25 we show the energy spectrum at the z + = 25 location. The cut-off frequencies corresponding to each filter width are indicated as ω in increasing order. Also shown (dot-dashed lines) are the estimated response frequencies which characterize each particle set considered in the a priori tests, these frequencies being proportional to 1/τ p . Areas filled with patterns below the energy profile represent the relative amount of energy removed by each filter width: larger filter widths prevent particles from being exposed to ever-increasing turbulent frequencies, namely to smaller and smaller flow scales which can modify significantly their local behavior, dispersion and segregation. Inaccurate estimation of these processes due to filtering will bring sub-grid errors into subsequent particle motion. depending on their inertia. Note, however, that the effect of filtering is significant also on particles having characteristic response frequencies much lower than those removed by the filters (e.g. the St = 25 particles). Finally, for the cut-off filter, underestimation of the particle fluctuations is a pure effect of the elimination of the SGS scales, since no energy is subtracted from the resolved ones. The results obtained with the top-hat filter (not shown here for brevity) are qualitatively similar, although, for a given filter width, underestimation of the particle fluctuations is, as expected, larger for the top-hat filter than for the cut-off one. The reduction of the wall-normal velocity fluctuations near the wall for the a priori LES, shown in Figs. 3(d-f) , is worth noting because it corresponds to a reduction of particle turbophoretic drift (namely, particle migration to the wall in turbulent boundary layers) and, in turn, to a reduction of particle accumulation in the near-wall region.
10 This is also shown in Fig. 4 in which the near wall instantaneous particle concentration obtained in a priori LES is compared to the DNS one for different filter widths and particle inertia.
Concentration profiles shown here are taken at time t + = 1200: as mentioned, the particle tracking in a priori LES was not carried out long enough to reach a statistically-steady particle concentration at the wall. However, we checked many different time instants and, although the concentration values change, the trend is always the same as that shown in Fig. 4 . It appears that, consistently with the results of Kuerten and Vreman, 10 filtering leads to a significant underestimation of the wall particle concentration, for all filter types and widths and for all particle sets considered in this study. where σ and σ P oisson represent respectively the standard deviations for the particle number density distribution and the Poisson distribution. The particle number density distribution is computed on a grid containing N cell cells of volume Ω cell covering the entire computational domain. The parameter m is the mean number of particles in one cell for a random uniform particle distribution. 26, 27 The drawback of this method is the dependence of Σ p on the cell size. To avoid this problem, we computed the particle number density distribution for several values of Ω cell and we kept only the largest value of Σ p . 14 First, as found in previous studies, 25 for this shear Reynolds number a peak of Σ p occurs for St ≃ 25 and preferential concentration falls off on either side of this optimum value. As shown for instance in Fig. 4 , St = 25 particles are thus the most responsive to the near-wall turbulent structures. When an explicit filter is applied, particle segregation is underpredicted severely in all considered cases, especially near the wall. Note that this underestimation is significant also for the smallest filter width, for which the reduction of particle fluctuations was relatively small (see Fig. 3 ).
Particle distribution in a posteriori LES at Re τ =150
In this Section, we will discuss the behavior of particles dispersed in LES flow fields. Two different LES grids have been used, as shown in Table I . In these a posteriori tests, different sources of errors are present in addition to the filtering effects discussed in Sec. 3.1, viz. the errors due to (i) the SGS modeling for the fluid phase, (ii) the numerical discretization of the fluid governing equations and (iii) the interpolation in the Lagrangian particle tracking. For the used pseudo-spectral discretization the numerical error should plausibly be negligible.
As for interpolation, a 6 th -order interpolation scheme is used. Although we did not carry out a sensitivity study, the analysis in Kuerten and Vreman 10 indicates that the interpolation error should remain small, even if it may introduce an additional smoothing. Thus, we believe that the main source of difference with the a priori tests is represented by the SGS model closing the governing equations for the fluid phase. As in the a priori tests, no closure model is used in the equations of particle motion.
In order to asses the quality of the LES for the fluid part, with those of the a-priori tests in Fig. 3 for a corresponding coarsening factor (CF=4).
Indeed, in the a posteriori LES, the introduction of the SGS model tends to counteract the decrease of the fluid velocity fluctuations due to filtering; in the coarser case this leads to an overestimation of the rms of the streamwise and wall-normal velocity components.
This overestimation is a rather well-known behavior of coarse LES, especially for the rms of the streamwise component. Nonetheless, it is worth remarking that in actual LES the fluid velocity fields in which the particles are dispersed are not always characterized by a lack of fluctuations, as it happens in the idealized context of a priori tests. As previously mentioned, the dynamic eddy-viscosity model 15 was used to close the LES equations for the fluid phase. We also carried out LES simulations with the Smagorinsky model, but, as expected, the results were generally less accurate than those obtained with the dynamic SGS model for a fixed resolution: hence they are not shown or discussed here for sake of brevity.
In Fig. 7 the streamwise and wall-normal rms of the different particle sets obtained in LES are compared with the reference DNS data. A good agreement with DNS is obtained in the more resolved LES for all the considered particle inertia, while for the coarser simulation significant discrepancies are found. Note that in the coarse case, the rms of the wall-normal velocity component are overestimated for all the considered particle sets, as previously observed also for the fluid phase. In spite of the differences in the fluid and particle velocity fluctuations observed in a priori and a posteriori tests, the underestimation of particle concentration at the wall, already observed in the a priori tests (see Sec. 3.1), is also found in a posteriori LES, for all considered resolutions and particle sets. This is shown, for instance, by the instantaneous particle concentration profiles of Fig. 8 . The same is for the underprediction of the particle preferential concentration (see Fig. 9 ). It is worth nothing that the errors on the quantitative prediction of both particle segregation and near-wall accumulation are large also for the well-resolved LES, in which the level of fluid and particle velocity fluctuations is rather well predicted. This indicates that, in order to obtain acceptable predictions for near-wall accumulation and particle segregation, the reintroduction of the correct level of velocity fluctuations is not the only issue to devise a closure model for the particle equations. Finally, in the a posteriori LES the segregation parameter, Σ p , was also computed for St = 125 particles (see Fig. 9 ). For this set of particles, the values obtained in both LES simulations are higher than those computed in DNS.
In their a priori tests for homogeneous and isotropic turbulence, Fede and Simonin 4 found that for particles having lower inertia than a given threshold value the effect of filtering was to decrease the segregation parameter, while for particles of larger inertia the segregation was conversely increased. From our results, this scenario seems to hold also in a posteriori LES and in near wall turbulence.
Influence of the Reynolds number on particle distribution
A priori and a posteriori simulations have emphasized that the importance of SGS velocity fluctuations in predicting the properties of particle dispersion depends both on particle inertia, parametrized quantitatively by the particle Stokes number, and on the spatial res- In principle, these observations should lead to the conclusion that SGS models must incorporate a dependency on the flow Reynolds number. In fact, the need to include Reynolds number effects should be assessed carefully being based on the knowledge of how particle preferential concentration scales with Re τ . Numerical investigations on the Reynolds number scaling properties of the preferential concentration of heavy particles have been performed in a synthetic turbulent advecting field by Olla 28 and in homogeneous isotropic turbulence by Collins and Keswani. 29 Here, we investigate on the same effect in turbulent channel flow.
To introduce our scaling argument, let us rewrite Eq. (9) for the case of constant particle response time (namely τ
. We have:
From Eq. (10) (Fig. 11a) , St l = 5 and St h = 20 (Fig. 11b) , St l = 25 and St h = 100 (Fig. 11c) . It is apparent that the profiles, though a bit ragged, overlap quite well even in the near-wall region, where discrepancies (possibly due to the extension of the averaging time window) are limited to very thin slabs inside the viscous sublayer, thus supporting the validity of the adopted scaling.
In Fig. 12 particle segregation in the center of the channel (Fig. 12a ) and in the near-wall region (Fig. 12b) is quantified by the segregation parameter Σ p for the two DNS simulations.
Black symbols represent the values of Σ p for the five sets of particles considered in the Re Two observations can be made: first, lower segregation occurs at higher Reynolds number for a given value of the particle Stokes number; second, the degree of segregation is nearly same for particle Stokes numbers and shear Reynolds numbers matching the condition given in Eq. (10), as indicated by the dot-dashed lines with arrows. This is particularly true in the near-wall region.
These results seem to indicate that particle preferential concentration scales proportionally to the flow Reynolds number and that the particle Stokes number, defined as particle timescale normalized to wall variables (the shear fluid velocity being the scaling parameter) may be used to characterize the coupling between particles and fluid in the regime where particles preferentially concentrate. These effects appear to be consistent with other observations, most of which refer to the classical Kolmogorov scaling argument 29, 30 that predict statistical saturation at higher Reynolds numbers than those considered here.
CONCLUSIONS AND FUTURE DEVELOPMENTS
In this paper, the problem of assessing an accurate Eulerian-Lagrangian modeling of heavy particle dispersion in Large Eddy Simulation is addressed. This problem is investigated in a systematic way by performing DNS, a priori and a posteriori LES coupled with Lagrangian particle tracking of fully developed channel flow, in which different values of the flow Reynolds number and of the particle response time have been considered. The accuracy in the prediction of the particle velocity statistics, near wall accumulation and preferential segregation are assessed through vis-à-vis comparison against DNS data.
Consistently with the results of Kuerten and Vreman, 10 the effect of pure filtering in a priori tests is to decrease the fluid velocity fluctuations and, in turn, the particle velocity fluctuations, although by different amounts according to particle inertia. This leads to a severe underestimation of particle accumulation at the wall. Extending the analysis to particle segregation, quantified by a macroscopic indicator, we found that filtering leads to a significant underestimation of particle preferential concentration. In conclusion, it appears that a closure model is needed for the particle equations. [8] [9] [10] 13 In a posteriori LES simulations, we have found that the SGS dynamic model, exploited to close the problem for the fluid phase, is able to reintroduce a correct level of fluid velocity fluctuations when a rather fine grid (two times the DNS grid spacing in each direction) is used; the particle velocity fluctuations are also in good agreement with those obtained in DNS. Conversely, significant discrepancies are observed with respect to the DNS reference values when a coarser resolution (typical of LES applications) is used. We observe that the velocity fluctuations of both phases are overestimated, in contrast with the a priori tests. Despite these differences, particle wall accumulation and local segregation are always severely underestimated. This indicates that the reintroduction of the correct level of fluid and particle velocity fluctuations is not the only issue for accurate SGS closure models for the particle equations, which apparently is not enough to have an accurate prediction of near-wall accumulation and local particle segregation. It may be argued that, since these phenomena are governed by complex interactions between the particles and the flow structures, the reitroduction of the correct amount of higher order moments of the velocity fluctuations for both phases is probably the key point to develop these models. This could be achieved, for instance, using non-Gaussian stochastic Lagrangian models based on Langevin-type equations.
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Another important feature of SGS models for particles is that they are required to account for possible flow Reynolds number effects on particle accumulation and segregation. Albeit the Reynolds number range limitations of this study, we have shown that scaling of statistics seems to persist for the Reynolds numbers considered (Re τ = 150 and 300) and therefore it is possible to parametrize Reynolds number effects simply by imposing a quadratic dependence of the particle Stokes number, defined as the ratio of the particle response time to the viscous timescale of the flow, on the shear Reynolds number. Finally, we are aware that the results shown here only cover the lower range of Reynolds numbers typical of LES applications:
Hence, one future development (currently under way) of this work will be to investigate on the Reynolds number scaling properties of particle segregation through DNS/LES of turbulent channel flow at Re τ = 600. lence," Phys. Fluids 17, 2733 Fluids 17, (1996 . 
